While there is mounting evidence that interleukin (IL)-23-IL-17 axis plays a critical role in the pathogenesis of various autoimmune diseases, much remains to be elucidated on how IL-23 is induced in the pathological processes. IL-23 is a heterodimer composed of p19 and p40, the latter being shared with IL-12. We previously reported that prostaglandin (PG) E 2 promotes CD40-mediated induction of Il23a (p19) expression through its E receptor subtype 4 (EP4) receptor in splenic dendritic cells (DCs). Here, we have analyzed signaling pathways regulating Il23a induction in the cross talk between EP4 and CD40 in bone marrow-derived DCs. We found that PGE 2 synergistically induced Il23a transcription with CD40 signaling. An EP4 agonist, but not agonists of EP1, EP2, or EP3, reproduced this action. Stimulation of CD40 with an agonist antibody evoked biphasic induction of Il23a expression, with the early phase peaking at 1 h and the late phase peaking at 12 h and lasting up to 36 h after stimulation, whereas induction by lipopolysaccharide or tumor necrosis factor-a was transient. The early phase induction by CD40 stimulation was absent in DCs derived from Nfkb1-deficient mice, and the late phase induction was eliminated by RNA interference of nuclear factor-kappa B (NF-kB) p100 subunit. Further, cAMP response element-binding protein (CREB) depletion completely eliminated the induction of Il23a by CD40 stimulation. The addition of the EP4 agonist amplified the induction in both phases through the cAMP-protein kinase A (PKA) pathway. These results suggest that Il23a expression in DCs is synergistically triggered by the PG E 2 -EP4-cAMP-PKA pathway and canonical/non-canonical NF-kB pathways and CREB activated by CD40 stimulation. Cellular & Molecular Immunology
INTRODUCTION
A group of lymphoid cell populations that produce interleukin (IL)-17 and are positively regulated by IL-23, including Th17 cells, 1 cdT cells 2 and RORc 1 group 3 innate lymphoid (ILC-3) cells, [3] [4] [5] have emerged as critical cell populations in autoimmune diseases. Their involvement in human diseases has been strongly indicated by the clinical efficacy of anti-IL-17 monoclonal antibodies such as secukinumab in psoriasis, 6 rheumatoid arthritis, 7 and ankylosing spondylitis 8 of anti-IL12/IL23 p40 antibodies such as ustekinumab in psoriasis 9, 10 and Crohn's disease; 11 and of anti-IL-23 p19 antibodies such as tildrakizumab in psoriasis. 12 IL-23 is a heterodimer composed of two subunits, p19 and p40, 13 the latter being shared withIL-12, which is composed of p35 and p40. These cytokines are produced by antigen-presenting cells, mainly activated dendritic cells (DCs), with IL-12 driving the differentiation of Th1 cells and IL-23-stabilizing and expanding Th17 cells. It is possible that various inflammatory molecules activate DCs in conjunction with their antigen uptake and that the composition of these stimulating substances determines the profile of cytokines they produce. Indeed, in vitro experiments have shown that stimulation with a single substance is not sufficient to produce IL-12 family cytokines. Combined stimulation with different Toll-like receptor (TLR) ligands, other cytokines such as IFN-c and IL-4, or CD40L binding to CD40 is required for proper biosynthesis. One molecule with DC-stimulating activity is prostaglandin (PG) E 2 . PGs are arachidonate metabolites produced by cyclooxygenase (COX) and respective synthases in response to various, often noxious, stimuli.
14 PGE 2 is a PG with versatile actions in various inflammatory processes. PGE 2 exerts its actions through four subtypes of G-protein-coupled receptors, PG E receptor (EP) 1 to 4. 15, 16 Previously, Ganea and collaborators reported that simultaneous treatment with PGE 2 and either granulocyte-macrophage colony-stimulating factor (GM-CSF) or various TLR ligands such as lipopolysaccharide (LPS), poly I:C, CpG, or proteoglycan promoted p19 gene (Il23a) expression and suppressed p35 expression in bone marrow-derived DCs (BMDCs). 17 They further found that BMDCs induced to differentiate in the presence of PGE 2 produced more p19 than p35 in response to LPS. Comparing the effects of various PGE analogs, they suggested that these actions of PGE 2 are mediated by EP2 and EP4 receptors. We found a similar promoting effect of PGE 2 on Il23a expression in splenic DCs (sDCs) treated with an agonistic anti-CD40 antibody. 18 This action was reproduced by an EP4-selective agonist and eliminated by the addition of an EP4 antagonist. Interestingly, the addition of the EP4 antagonist not only eliminated the enhancing effect of PGE 2 but also suppressed p19 production almost to a negligible level, which was mimicked by indomethacin. These results suggest that during CD40 stimulation, PGE 2 is formed endogenously and amplifies the CD40-mediated induction of Il23a. Because CD40-CD40L is a co-stimulatory pathway and significant amounts of CD40L are expressed in activated T cells, the enhancement of a CD40-mediated Il23a expression by PGE 2 could be relevant to physiological actions of IL-23, which acts on primed Th17 cells to stabilize and expand this Th subset. However, this synergy of PGE 2 -EP4 and CD40 signaling has not been characterized in detail, and its mechanism remains to be studied. In the present study, we have examined signaling pathways and transcription factors in this cross talk between EP4 and CD40 signaling that mediates the induction of Il23a gene expression synergistically. We found that CD40 signaling evokes biphasic, long-lasting induction of Il23a expression in BMDCs through the canonical nuclear factor-kappa B (NF-kB) pathway in the early phase and the non-canonical NF-kB pathway in the late phase combined with cAMP response element-binding protein (CREB) activation, which is synergistically amplified by the PGE 2 -EP4 signaling through the cAMP-protein kinase A (PKA) pathway.
MATERIALS AND METHODS
Mice C57BL/6NCrSlc mice were purchased from Japan SLC Inc. (Shizuoka, Japan) and Nfkb1 (p50)-deficient mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). All procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Committee on Animal Research of Kyoto University Faculty of Medicine.
Preparation of BMDCs
BMDCs were prepared according to the previous study with some modifications. 19 Femurs and tibiae were dissected from 8-to 12-week-old female mice and bone marrow cells were collected. Cells were cultured in RPMI-1640 containing 10% fetal bovine serum and 10 ng mL 21 GM-CSF and harvested on the eighth day. The purity of the DCs, as determined by fluorescence-activated cell sorting (FACS) analysis as CD11c-positive cells on FACS Calibur (Becton, Dickinson and Company, San Jose, CA, USA), was 80.9% (n 5 3).
Quantitative real-time PCR (quantitative RT-PCR) Purified DCs were stimulated as indicated in each experiment. Total RNA was purified from stimulated cells using an RNeasy Mini kit (QIAGEN, Hilden, Germany) and reverse-transcribed to cDNA by a high-capacity cDNA Reverse Transcription kit (Life Technologies Corporation, Carlsbad, CA, USA), according to manufacturers' instructions. PCR quantification was performed with a LightCycler 480 system using a LightCyclerTaqman Master kit with a Universal Probe Library Set (Probe number 47) (Roche Molecular Diagnostics, Pleasanton, CA, USA)and a SYBR Premix Ex Taq II kit (Takara Bio Inc., Shiga, Japan) with GAPDH as an internal control.
Enzyme-linked immunosorbent assay (ELISA)/enzyme immunoassay (EIA) DCs were stimulated as described in the figure legends in the presence of 100 mM of indomethacin. The concentration of IL-23 in supernatant of cultured cells or the content of cAMP in cell lysate was determined using a Mouse IL-23 Immunoassay (R&D Systems Inc., Minneapolis, MN, USA) and a Cyclic AMP EIA kit (Cayman Chemical, Ann Arbor, MI, USA), respectively, according to the manufacturers' instructions.
Western blot analysis
DCs were stimulated with an anti-CD40 antibody (10 mg mL
21
), an EP4 agonist (ONO-AE1-329, 1 mM) or both for 15 min in the presence of 100 mM of indomethacin. In some experiments, cells were stimulated with either an anti-CD40 antibody (10 mg mL 21 ), LPS (1 mg mL 21 ), or tumor necrosis factor-a (TNF-a) (100 ng mL
) for the indicated period. In some experiments, the nuclear and the cytoplasmic fractions were separately purified using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, Waltham, MA, USA) from stimulated cells. Extracted proteins from stimulated cells were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride membrane (Immobilon-P, Merck, Darmstadt, Germany). After blocking with an ECL Blocking Agent (GE Healthcare, Piscataway, NJ, USA), membranes were incubated with primary antibodies, followed by incubation with secondary antibodies conjugated with horseradish peroxidase (GE Healthcare). Signals were detected using an ECL Prime Western Blotting Detection Reagent (GE Healthcare).
RNA interference (RNAi) in BMDCs RNAi in BMDCs was achieved by electroporation using the Neon Transfection System (1700 V, 30 ms, 1 pulse) (Life Technologies Corporation) and a pre-designed small interfering RNA (siRNA) purchased from Life Technologies Corporation (Nfkb2 siRNA, ID# s70545; Creb1 siRNA, ID# MSS236242) according to the manufacturer's instructions. After electroporation, cells were cultured in RPMI-1640 for additional 48 h and used for experiments. Knockdown efficiency was determined by RT-PCR analysis.
Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed with a SimpleChIPPlus Enzymatic Chromatin IP kit (Cell Signaling Technology Inc., Beverly, MA, USA) according to the manufacturer's instructions. In brief, cells were treated as indicated. Then, treated cells were fixed with paraformaldehyde for cross-linking transcription factors bound to promoter regions with chromatin and the chromatin was enzymatically sheared. Sheared chromatin was subjected to immunoprecipitation by an anti-CREB antibody or a control normal rabbit IgG. The content of the chromatin fragment corresponding to the promoter and enhancer regions of the Il23a gene in each sample after immunoprecipitation was assessed by quantitative RT-PCR analysis. Relative enrichment was calculated as a ratio of corresponding immunoprecipitation to normal IgG isotypes.
Statistical analysis
All data are shown as the mean 6 SEM. Statistical analysis was performed by the unpaired two-tailed Student's t-test and statistical significance was defined as p , 0.05.
RESULTS

Induction of IL-23 in BMDCs by PGE 2 -EP4 signaling
We previously found that PGE 2 -EP4 signaling enhanced IL-23 p19 production in sDCs stimulated with an anti-CD40 antibody. 18 Because we used BMDCs instead of sDCs to confirm this mechanism through transfection experiments, we first confirmed the action of PGE 2 and various EP agonists in BMDCs. BMDCs were stimulated with an anti-CD40 antibody either alone or in combination with PGE 2 or various EP agonists in the presence of 100 mM of indomethacin, a broad COX inhibitor, for 24 h. Similar to sDCs, PGE 2 tripled the CD40-mediated expression of Il23a mRNA, and this action was reproduced selectively by an EP4 agonist, ONO-AE1-329,which increased Il23a expression in a concentration-dependent manner (Figure 1a and 1b) . Consistently, the ONO-AE1-329 treatment augmented the production of the IL-23 protein, assessed by ELISA, in a similar concentration-dependent manner (Figure 1c ). The addition of a selective EP4 antagonist, ONO-AE3-208, suppressed these actions of ONO-AE1-329 to the level obtained by CD40 stimulation alone (Figure 1b  and 1c) , verifying that the actions of PGE 2 and ONO-AE1-329 were through the EP4 receptor. To characterize the effect of ONO-AE1-329 on CD40-mediated induction of Il23a, we next compared the duration of this effect with those of Il23a induction by LPS, which acts on TLR4, and TNF-a, which acts on a TNF receptor structurally similar to CD40. Notably, in the stimulation of the CD40-evoked biphasic induction of Il23a expression, the early phase peaked at 1 h and the late phase peaked at 24 h and lasted up to 36 h after the stimulation (Figure 1d ). The addition of the EP4 agonist enhanced the expression in both phases by up to ten-fold, increasing almost linearly for12 h before plateauing (Figure 1d ). In contrast, stimulation with either LPS or TNF-a evoked a sharp increase of Il23a mRNA, which peaked at 1 h and returned almost to the basal level at 3 h; the EP4 stimulation enhanced the expression at the peak (Figure 1e and 1f) . Thus, the EP4 stimulation induced a prolonged enhancement of Il23a mRNA expression in CD40-stimulated BMDCs. To verify that this effect of EP4 stimulation was due to its effect on transcription and not a post-transcriptional mechanism, and because a previous report showed that IFN-c stimulation can stabilize Il23a mRNA in DCs, 20 we examined the stability of Il23a mRNA. We first incubated BMDCs with 10 mg mL 21 of an anti-CD40 antibody and then treated the cells with 10 mg mL 21 of actinomycin D in the presence or absence of 100 nM of ONO-AE1-329. We found that the treatment with ONO-AE1-329 did not influence the decay of Il23a mRNA under these conditions (Figure 1g ), suggesting that PGE 2 -EP4 signaling does regulate the transcription of Il23a. Because IL-23 and IL-12 belong to the IL-12 cytokine family and share one subunit, p40, we next examined the specificity of the above actions of CD40 and EP4 by analyzing the expression of Il12a encoding p35 of IL-12 and Il12b encoding p40. CD40 stimulation did not induce expression of Il12a and the EP4 agonist did not enhance it ( Figure 1h ). The Il12b expression was induced by CD40 stimulation, and this induction was enhanced by the addition of the EP4 agonist (Figure 1i ), although the extent of enhancement was not as high as was observed for Il23a expression. We further found that induction of the expression of Ptgs2 (COX-2) mRNA by CD40 stimulation and ONO-AE1-329 synergistically enhanced this induction (Figure 1j ). Given that COX-2 is an inducible form of PG synthase that produces PGE 2 in various inflammatory settings, this induction may form a positive feedback loop to amplify the PGE 2 -EP4-COX-2 signaling. These results suggest that PGE 2 -EP4 signaling regulates the IL-23 production synergistically with CD40 signaling in DCs through the persistent augmentation of mRNA expression.
Involvement of NF-kB in the induction of Il23a mRNA expression under the CD40 signaling in BMDCs Because the transcription factor NF-kB is activated downstream of CD40 signaling, 21 we examined whether NF-kB was essential for the induction of Il23a mRNA expression in CD40-stimulated BMDCs and the synergistic action of EP4 signaling. Consistent with the previous report, the treatment with an anti-CD40 antibody augmented nuclear translocation of the NF-kB p65 subunit (Figure 2a) , and increased phosphorylation of the NF-kB p65 subunit at serine 536 residue ( Figure 2b ). Because p65 functions in a complex with the p50 subunit of NF-kB in the nucleus, we examined the role of this canonical NF-kB signaling by using BMDCs derived from mice deficient in p50. The p50 deficiency suppressed the canonical NF-kB pathway as evidenced by the inhibition of nuclear translocation of the p65 subunit in BMDCs under CD40 stimulation (Figure 2a) , and significantly suppressed Il23a mRNA induction at 1 h by the CD40 stimulation and the stimulation of CD40 and EP4 signaling together (Figure 2c ). Nonetheless, there was significant enhancement of Il23a expression by EP4 stimulation with ONO-AE1-329 compared to that achieved by CD40 stimulation alone, suggesting that the augmenting effect of EP4 stimulation is still present without the p50 of NF-kB ( Figure 2c ). Because the CD40 stimulation evoked biphasic Il23a induction and EP4 augmented the induction in both phases, we next examined the effects of a p50 deficiency on the duration of Il23a induction by CD40 simulation with or without the stimulation of EP4 signaling. Notably, the p50 deficiency eliminated the early phase response but not the late phase response in BMDCs stimulated with an anti-CD40 antibody alone and significantly suppressed Il23a induction in the early phase and kept the late phase induction intact in BMDCs simultaneously stimulated with an anti-CD40 antibody and the EP4 agonist (Figure 2d ). These results suggest that the response to CD40 stimulation and synergistic action with EP4 stimulation in the late phase was independent of a canonical NF-kB 
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) for the indicated periods and nuclear extracts were prepared for Western blot analysis for NF-kB p65. Lamin B was used as a loading control. Representative images from three independent experiments were shown. (b) Western blot analysis for Ser536-phosphorylated NF-kB p65 in BMDCs treated with either an anti-CD40 antibody (10 mg mL 21 ), the EP4 agonist (ONO-AE1-329, 1 mM) or both for 15 min. Western blot analysis for the total NF-kB p65 subunit was shown as an internal control. Representative images from three independent experiments were shown. (c) Quantitative RT-PCR analysis for Il23a mRNA induction in wild type or Nfkb1-deficient BMDCs treated with an anti-CD40 antibody (10 mg mL 21 ), the EP4 agonist (ONO-AE1-329, 100 nM), or both for 1 h. n 5 9 in each group. **p , 0.01, ***p , 0.001 between groups as indicated. All bars indicate mean 6 SEM. (d) Duration of Il23a mRNA expression in wild type or Nfkb1-deficient BMDCs treated with 10 mg mL 21 of an anti-CD40 antibody alone or an anti-CD40 antibody and 100 nM ONO-AE1-329, the EP4 agonist. Il23a mRNA expression was assessed by quantitative RT-PCR analysis. n 5 3 in each group. ***p , 0.001 compared to the expression in wild-type mice. All bars indicate mean 6 SEM. (e) Increased nuclear accumulation of NF-kB p52 subunit and RelB in CD40-stimulated BMDCs. BMDCs were stimulated with an anti-CD40 antibody (10 mg mL
) for 24 h and nuclear or cytoplasmic extract was prepared for Western blot analysis for RelB, p52, or its precursor, p100, subunits of NF-kB, respectively. Lamin B and a-tubulin were used as loading controls. Representative images from three independent experiments were shown. (f) Effect of NF-kB p100 depletion on Il23a mRNA expression in BMDCs stimulated with an anti-CD40 antibody with or without the EP4 agonist. BMDCs were treated with siRNA for p100 or scrambled siRNA for 48 h, and then stimulated with an anti-CD40 antibody (10 mg mL
) and/or the EP4 agonist (ONO-AE1-329, 100 nM) for an additional 12 h. Total RNA from stimulated cells was prepared for quantitative RT-PCR analysis. n 5 3 in each group. **p , 0.01 between groups as indicated. All bars indicate mean 6 SEM.
pathway. Because CD40 signaling can activate a non-canonical NF-kB pathway as well, we examined whether CD40 stimulation activated a non-canonical NF-kB pathway in BMDCs at 12 h. We found that treatment with an anti-CD40 antibody increased the content of non-canonical NF-kB subunits, p52 and RelB, in the nucleus, accompanied by the decrease of p52 precursor p100 in the cytoplasm (Figure 2e ). To test if p52 was involved in Il23a mRNA induction by CD40 stimulation, we decreased the p100 by RNAi in BMDCs and examined Il23a mRNA expression at 12 h after stimulation with an anti-CD40 antibody with or without the EP4 agonist. Depletion of the p100 by 89.6% (n 5 3), as examined for its mRNA content by quantitative RT-PCR analysis, almost completely eliminated the induction of Il23a mRNA expression by CD40 stimulation, and the enhancement by EP4 stimulation was similarly suppressed (Figure 2f ). These results suggest that EP4 stimulation synergizes with both canonical and non-canonical NF-kB signaling to amplify CD40-mediated Il23a mRNA expression in the phase-dependent manner.
Involvement of the cAMP-PKA pathway in the EP4-mediated amplification of Il23a mRNA expression in BMDCs We next examined the downstream machinery of PGE 2 -EP4 signaling to amplify Il23a mRNA expression in BMDCs. We first focused on the actions of EP4 in the early phase. Because EP4 activates the cAMP-PKA signaling pathway, 22 we examined the involvement of this pathway in the transcriptional regulation of the Il23a gene under PGE 2 -EP4 signaling. Indeed, a significant increase in the intracellular content of the cAMP was observed in BMDCs treated with 100 nM ONO-AE1-329 for 10 min (Figure 3a) , and the amplification of the CD40-induced Il23a mRNA expression was reproduced by the addition of a cAMP analogue, dibutyryl cAMP (dbcAMP), as well as by a PKA activator, N 6 -Bnz-cAMP (Figure 3b) . Notably, an exchange protein directly activated by cAMP (Epac) activator, 8-pCPT-29-O-Me-cAMP, failed to show the augmentation (Figure 3b) , indicating involvement of a cAMP-PKA, rather than a cAMP-Epac, signaling PGE 2 -EP4-mediated augmentation of Il23a mRNA expression in BMDCs. Consistently, treatment with10 mM H-89, a PKA inhibitor, cancelled the ONO-AE1-329 action on Il23a mRNA expression (Figure 3b ). While PGE 2 -EP4 signaling can also activate the PI3K pathway, 22 treatment with PI3K inhibitors, LY-294002 (5 mM) or wortmannin (1 mM) did not affect the ONO-AE1-329-induced expression of Il23a mRNA (data not shown), excluding the role of the PI3K pathway in the present action of PGE 2 -EP4 signaling. Similar involvement of the cAMP-PKA pathway in the PGE 2 -EP4 signaling was also observed in augmentation in the late phase. The augmented Il23a expression by the EP4 agonist was again mimicked by db-cAMP and N 6 -BnzcAMP, but not by 8-pCPT-29-O-Me-cAMP, and was inhibited by H-89 (Figure 3c-3e) . The EP4 stimulation induced phosphorylation of neither p38 nor ERK (Supplementary Figure 1) . Thus, the cAMP-PKA pathway mediates the augmenting action of EP4 stimulation on CD40-induced Il23a expression in both early and late phases.
Involvement of CREB in synergistic induction of Il23a mRNA by CD40 and EP4 Because CREB is a major transcription factor downstream of the cAMP-PKA pathway, we examined its involvement in synergistic induction of Il23a expression by CD40 and EP4. We first examined the level of CREB phosphorylated at Ser133 in BMDCs treated with either an anti-CD40 antibody, LPS, and TNF-a, an EP4 agonist or an EP4 agonist combined with one other stimulant (Figure 4a) . Indeed, Ser133-phopsphorylated CREB increased with EP4 stimulation at 15 min, but this effect was weak at 1 h and 3 h. CD40 stimulation evoked a robust increase in the level of Ser133-phosphorylated CREB at 12 h. To examine the involvement of this response in Il23a induction, we conducted RNAi for CREB. BMDCs were transfected with siRNA for CREB and used for experiment after a 48-h culture. The knockdown efficiency was 97.0% as examined for its mRNA content by quantitative RT-PCR analysis. When these CREB-depleted cells were stimulated, induction of Il23a was significantly suppressed at 1 h and 12 h (Figure 4b and 4c) . Notably, RNAi for CREB suppressed the induction by CD40 alone at both 1 h and 12 h, and there remained a significant difference between Il23a induction by CD40 stimulation alone and that by CD40 and EP4 stimulation together at 12 h. These results indicate that, although CREB is involved in the induction, it is used mostly downstream of CD40 stimulation and the EP4-cAMP-PKA pathway amplifies the induction independent of CREB, at least in the late phase. Consistently, ChIP analysis revealed significant enrichment of CREB binding to the known CRE site (2982 to 2972 bp) in the Il23a promoter only after CD40 stimulation at 12 h (Figure 4d ). We did not obtain a significant level of CREB binding to these sites in the cells stimulated for 15 min, probably because of weak stimulation for this short time period.
Impaired induction of IL-23 by PGE 2 -EP2 signaling in BMDCs
One puzzling question in this study involved impaired Il23a induction by EP2 stimulation (Figure1a) because EP2 is a Gscoupled receptor-like EP4, which increases the intracellular cAMP level as a second messenger. 22 We examined the expression of each PGE receptor subtype mRNA in BMDCs by quantitative RT-PCR analysis and found that Ptger2 (EP2) and Ptger4 (EP4) mRNAs were expressed in similar levels in these cells (Figure 5a ). However, stimulation of these cells with an EP2 agonist, ONO-AE1-259, increased the intracellular cAMP content marginally compared to that achieved by the EP4 agonist, ONO-AE1-329 (Figure 5b) . Consistently, ONO-AE1-259 augmented the CD40-stimulated Il23a mRNA expression significantly but only marginally (Figure 5c ). Together, these results suggest that EP2 is expressed on BMDCs but is not functionally coupled to cAMP through an unknown mechanism.
DISCUSSION
We used BMDCs and characterized IL-23 p19 production by the stimulation of CD40 with an agonistic anti-CD40 antibody. We found that CD40 stimulation evoked biphasic and sustained induction of Il23a (p19) expression, with peaks at 1 and 12 to 24 h; significant induction remained at 36 h. In contrast, stimulation with LPS or TNF-a evoked only transient induction of Il23a expression with a peak at 1 h and returning to the basal level at 3 h, which corresponded to the early peak in the CD40-stimulated cells. Our analysis using BMDCs from NF-kB NFkb1 (p50)-deficient mice or mice subjected to p100 RNAi revealed that the early phase of induction was mediated by the p50-dependent canonical NF-kB pathway and the late phase of induction was mediated by the non-canonical RelB/p52 pathway. A previous study by Mise-Omata et al. showed that the canonical NF-kB pathway for p19 induction in macrophages was mediated by both p65/RelA and c-Rel in an interdependent manner. 23 Our finding of phosphorylation and nuclear translocation of p65 supports its involvement, and our study does not exclude the involvement of c-Rel, which was shown to be essential in TLRinduced p19 expression in BMDCs. 24 Thus, the sustained Il23a induction in CD40-stimulated BMDCs is apparently supported by switching from a canonical to a non-canonical NF-kB pathway during stimulation. Intriguingly, PGE 2 (a) EP4-mediated increase in cAMP in BMDCs. BMDCs were treated with either an anti-CD40 antibody (10 mg mL 21 ) or ONO-AE1-329 (100 nM) for 10 min. Whole cell lysates were prepared and cAMP content was measured by EIA. n 5 3 for each group. ***p , 0.001. All bars indicate mean 6 SEM. (b) Involvement of cAMP-PKA signaling in EP4-induced amplification in the early phase Il23a mRNA expression in CD40-stimulated BMDCs. BMDCs were treated with 100 nM ONO-AE1-329, 100 mM db-cAMP, 100 mM N 6 -Bnz-cAMP (a PKA activator), 10 mM H-89 (a PKA inhibitor), or 100 mM 8-pCPT-29-O-Me-cAMP (an Epac activator) for 1 h, and Il23a mRNA was measured by quantitative RT-PCR analysis. n 5 3 for each group. **p , 0.01, ***p , 0.001 between groups as indicated. All bars indicate mean 6 SEM. (c-e) Involvement of cAMP-PKA signaling in EP4-induced amplification in the late phase Il23a mRNA expression in CD40-stimulated BMDCs. BMDCs were treated for 12 h with 100 nM ONO-AE1-329 or 100 mM db-cAMP either alone or in combination with 10 mg mL 21 of an anti-CD40 antibody (c), 100 mM N 6 -Bnz-cAMP, or 100 nM ONO-AE1-329 with or without 100 mM H-89 in combination with 10 mg mL 21 of an anti-CD40 antibody (d) and 100 and 500 mM 8-pCPT-29-O-MecAMP, an Epac activator, in combination with 10 mg mL 21 of an anti-CD40 antibody (e). Il23a mRNA was measured by quantitative RT-PCR analysis. n 5 5 for each group. *p , 0.05, **p , 0.01, ***p , 0.001 between groups as indicated. All bars indicate mean 6 SEM.
phases of the induction in CD40-stimulated cells through EP4, thus amplifying the production of Il23a mRNA up to ten-fold. This effect of EP4 is through the cAMP-PKA pathway in both phases because it was reproduced by db-cAMP and PKA agonists and inhibited by H-89. Interestingly, although phosphorylation of CREB was observed in BMDCs at 15 min and 12 h after stimulation, the PKA pathway contributed mainly to the early phosphorylation, CD40 stimulation contributed to phosphorylation at both early and late phases, and CREB binding to the known CRE site in the Il23a promoter was enhanced only after the CD40 stimulation at 12 h. Thus, the cAMP-PKA pathway appears to amplify the CD40-induced Il23a expression not through CREB but through an unidentified mechanism. Whatever this mechanism is, EP4 mobilizes only the PKA pathway to amplify Il23a induction. It is different than the recent report by the Ganea's group, which found in their BMDCs that PGE 2 amplifies LPS-induced Il23a expression by mobilizing both cAMP-PKA-CREB and cAMP-Epac-C/EBPb pathways. 25 Another difference between the studies is that Ganea's group consistently found that the PGE 2 action was exerted through both EP2 and EP4 receptors in their BMDCs, whereas our BMDCs utilize only EP4. As shown in the RESULTS section, our BMDCs expressed EP2 mRNA at a level comparable to EP4 but did not respond to an EP2 agonist that showed potent actions in T cells in an EP2-dependent manner. 26 This is consistent with our previous finding that only the EP4 agonist and not the EP1, EP2, and EP3 agonists amplified CD40-induced Il23a expression in sDCs from C57BL/6. 18 At present, we cannot provide an adequate explanation for this discrepancy. One possibility is that the EP2 receptor was desensitized in our BMDCs. This may have been because of mouse strain or preparation procedures; we used C57BL/6 mice as our source and Ganea's group used B10.A mice. 25 Previously, ), the EP4 agonist (ONO-AE1-329, 1 mM), or both for 12 h and CREB bound to the promoter region of the Il23a gene was immunoprecipitated. Relative enrichment of chromatin fragment immunoprecipitated with anti-CREB antibody was examined by quantitative RT-PCR analysis using immunoprecipitated chromatin by IgG isotype as a control. n 5 3 in each group. **p , 0.01, ***p , 0.001 between groups as indicated. All bars indicate mean 6 SEM.
Nishigaki et al. found different sensitivities of EP2 and EP4 to PGE 2 -induced desensitization. 27 Although that paper reported that EP4 undergoes desensitization more quickly than does EP2, which was the opposite of our finding, it showed that different sensitivities to desensitization do occur between EP2 and EP4. Further, Poloso et al. found that in monocyte-derived DCs of humans low concentrations (0.1 nM-10 nM) of PGE 2 promoted IL-23 production via EP4, while higher concentrations (.50 nM) of PGE 2 suppressed IL-23 via EP2. 28 Kalim and Groettrup reported that PGE 2 blocks the production of IL-23 in LPS-stimulated monocytes in a cAMP-dependent manner through down-regulation of the p40 subunit of IL-23, while it has the opposite effect in DCs. 29 Thus, the effect of PGE 2 and the action of EP receptors could differ depending on cell types.
In the present study, we used an anti-CD40 antibody to induce Il23a expression in DCs. CD40 is a co-stimulatory receptor expressed on antigen-presenting cells, including DCs, 30 and its binding to CD40L expressed on the surface of CD4 1 T cells facilitates activation and maturation of T cells. Reciprocally, the binding of CD40L on T cells to CD40 on DCs facilitates activation and maturation of DCs, for example, by increasing the expression of CD58, CD80, CD86, and MHC-II. 31, 32 This bidirectional signaling appears to make a positive feedback cycle because CD40L is induced both transcriptionally and by mRNA stabilization with T-cell activation. Here we found that induction of the PG-synthesizing enzyme, COX-2, in BMDCs stimulated with an anti-CD40 antibody was boosted by the addition of the EP4 agonist. This result suggests that this COX-2 induction might form another positive feedback cycle for Il23a induction. Although we did not verify this hypothesis in the present study, which is probably due to the low and transient COX-2 induction, we found that the addition of indomethacin significantly diminished Il23a induction by CD40 stimulation in sDCs. 18 Given that IL-23 does not induce differentiation of naïve T cells from Th17 cells but acts on primed Th17 cells to stabilize and expand this T-cell subset, induction of Il23a in BMDCs by CD40 ligation is likely to occur in a physiological setting of Th17 expansion. In this context, PGE 2 production by DCs, if it occurs, operates not only to amplify the IL-23 production by DCs but also to amplify the IL-23 action on Th17 cells. We previously found that PGE 2 facilitates the IL-23-induced Th17 expansion in an EP2/EP4-dependent manner. 18 The present study shows that PGE 2 -EP4 signaling strongly amplifies the production of IL-23 by DCs and suggests that the inhibition of this pathway might be therapeutically beneficial in IL-23-IL-17 axis-driven inflammatory immune diseases such as psoriasis, and could be involved in immune diseases in which this axis plays an important role, such as multiple sclerosis, rheumatoid arthritis, and Crohn's disease. Indeed, we previously demonstrated that the treatment with an EP4 antagonist or EP4 deficiency effectively suppressed the development of EAE, 33 an animal model of multiple sclerosis to which both Th1 and Th17 cells contribute, and ameliorated the transfer colitis. Other authors demonstrated the significant inhibition of the incidence of collagen-induced arthritis through the oral administration of an EP4 antagonist. 34 Consistently, recent genome-wide association studies (GWAS) identified the Ptger4 locus, the human EP4 gene, as one of the disease susceptibility loci in immune diseases, including Crohn's disease, 35 multiple sclerosis, 36 and allergies. 37 Furthermore, a recent study revealed that candidate causal single nucleotide polymorphism related to multiple sclerosis, Crohn's disease, allergies, and ulcerative colitis are enriched with acetylated H3K27-labled active enhancer regions at the Ptger4 locus and are well matched with expression of this gene as evidenced by the RNA sequence. 38 Introduction of therapeutic antibodies such as secukinumab, ustekinumab, and tildrakizumab to IL-17 and the two chains of IL-23 have greatly improved therapeutic outcomes for patients suffering from IL-23-IL-17 axis-driven immune diseases such as psoriasis, 6 rheumatoid arthritis, 7 ankylosing spondylitis, 8 and Crohn's disease. 11 However, a high cost associated with these antibody treatments could be problematic. Here, we showed that PGE 2 -EP4 signaling strongly amplifies IL-23 production by DCs and that treatment with a selective EP4 antagonist shuts off this amplification. These results suggest that EP4 can be a potential therapeutic target and EP4 antagonists can be a cost-effective alternative to the above antibodies for these autoimmune diseases.
